Introduction {#Sec1}
============

Human infection with the novel avian-origin influenza A (H7N9) virus has been occurring since February 2013, in eastern China \[[@CR1]\]. To date, 1220 people have been infected with the influenza A (H7N9) virus, and 494 people have died \[[@CR2]\]. Although outbreaks of highly pathogenic avian influenza virus H5 infection in wild birds and poultry and H7 subtype infections in poultry have occurred worldwide, most of them are mild or asymptomatic in humans, except for death associated with H5N1 and H7N7 subtype infections \[[@CR3]--[@CR5]\]. Although in the early stage of illness, the genetic analysis of several patients' isolates has indicated that high pathogenicity of avian-origin H7N9 virus in humans, but not poultry, is more likely to result from viral genome variation \[[@CR1], [@CR6]\]; the viral gene variation of long-term shedding is poorly elucidated. In the virus genome, the mutation of Q226L could increase the binding affinity to a human-type receptor (α-2,6-linked sialic acid receptors), and cleavage sites might be associated with alteration of receptor specificity from avian origin to a human-type receptor \[[@CR7]--[@CR9]\]. Previous studies concerning H5N1 or H1N1 led to the concept that PB2-627K or PB2-701N mutations are critical for avian influenza virus adaptation to mammals' efficient replication in mammals \[[@CR10]--[@CR12]\]. Other key amino acids such as 591K of PB2 can compensate for the lack of lysine at position 627 and confer efficient viral replication to some H1N1 and H5N1 viruses in mammals \[[@CR13]\].

Effective antiviral drugs are essential for the early control of an influenza virus pandemic and the spread of infection \[[@CR14], [@CR15]\]. There are two classes of antivirals available for influenza prophylaxis and treatment, M2-ion channel blockers adamantanes (amantadine and rimantadine), and neuraminidase (NA) inhibitors (oseltamivir and zanamivir) \[[@CR16]\]. The possible threat posed by amantadine and rimantadine-resistant and neuraminidase (NA) inhibitor-resistant influenza viruses has been verified in H1N1 and H5N1 \[[@CR16]--[@CR18]\]. Mutations in S31N in the M2 gene and R292K in the NA gene were noted in several patients' isolates \[[@CR1], [@CR6]\], suggesting that the emergence of drug-resistant variants should be closely monitored. Therefore, continuous monitoring of the viral gene mutation in specimens originating from one patient with different specimen types and time points is important in understanding the determinants of virulence and transmissibility. In this study, we collected a total of 198 throat swabs, sputum specimens, and stool specimens from 31 patients with laboratory-confirmed H7N9 infection daily after hospital admission whenever available. We noted mutations in the NA, PB2, HA, and M2 genes from 113 clinical specimens whose gene sequences were amplified and sequenced successfully. We summarized the emergence frequency of each substitution in the related genes. Furthermore, we analyzed the viral shedding duration before or after oseltamivir treatment in NA-R292K mutant and NA-R292 wild-type patients.

Materials and methods {#Sec2}
=====================

Clinical specimen and data collection {#Sec3}
-------------------------------------

A total of 31 hospitalized patients with laboratory-confirmed H7N9 virus infection between March 19 and May 31, 2013, in Zhejiang, China, were enrolled. Clinical specimens including throat swabs, sputum samples, and stool samples were collected from patients every day if available and then detected by TaqMan real-time PCR using M, H7, and N9 gene primers as previously described \[[@CR6]\]. H7N9-positive specimens were frozen at − 80 °C and ready for the subsequent experiments. Clinical data were recorded and collected as described in our previous study \[[@CR6]\].

RNA extraction, RT-PCR, and sequencing {#Sec4}
--------------------------------------

Viral RNA extraction from clinical specimens was performed using RNeasy Plus Mini Kit (Qiagen, Germany) following the manufacturer's instructions. Two-step reverse-transcription (RT-PCR) amplifications were performed using the QuantiTect Reverse Transcription Kit (Qiagen, Germany) and the HotStarTaq *Plus* Master Mix Kit (Qiagen, Germany) to amplify the partial gene segments spanning positions 275 and 292 in NA, positions 526, 591, 627 and 701 in PB2, position 226 in HA, the cleavage site in HA, and position 31 in the M2 gene. Primers are shown in Table S1 in Supplementary material. PCR products were then purified and directly sequenced by the Sanger method to examine the related site mutations.

Gene sequence analysis {#Sec5}
----------------------

Partial gene segment sequences obtained by direct sequencing were analyzed together with virus sequence data (A/Shanghai/1/2013; A/Shanghai/2/2013; A/Anhui/1/2013 and A/Zhejiang/1/2013) available from GenBank. Bioedit 7 was used for alignment and analysis of amino acid residues. Our gene sequences were deposited in GISAID databases (accession numbers EPI1443452--EPI1443457, EPI1443872, EPI1443873, EPI1443875, EPI1443938, EPI1443962, EPI1443992, EPI1444004--EPI1444008, EPI1444011, EPI1444018, EPI1444024, EPI1444025, EPI1444054, EPI1444063, EPI1444234--EPI1444240, EPI1444242).

Statistical analysis {#Sec6}
--------------------

Categorical variables were analyzed using the Chi-square test or the Fisher exact test, as appropriate. Continuous variables were summarized as medians with interquartile ranges and the Mann--Whitney *U* test was used for analysis. *P *\< 0.05 was considered statistically significant. SPSS for Windows (version 16.0; SPSS) was used for statistical analysis.

Results {#Sec7}
=======

Critical amino acid residue mutated proportion {#Sec8}
----------------------------------------------

We analyzed the gene sequences amplified directly from clinical specimens together with 4 virus sequences using Bioedit 7. All the sequences were highly similar in the amplified regions except for the variability at related positions such as R292K in NA (see Supplementary Fig S1).

We collected a total of 198 specimens, among which 113 specimens, including 25 throat swabs, 75 sputum samples, and 13 stool samples, were amplified and sequenced for NA and PB2 gene fragments successfully. Of 113 specimens from 31 patients, we identified 93 (82.3%) specimens from 30 (96.8%) patients harboring the E627K mutation in the PB2 gene (PB2-E627K), 8 (7.1%) from 3 (9.7%) patients harboring PB2-Q591K, 6 (5.3%) from 5 (16.1%) patients harboring PB2-D701N, and 2 (1.8%) from 2 (6.5%) patients harboring both PB2-E627K and PB2-D701N, which had not been found previously in H7N9 viral isolates. In addition, 7 (22.6%) of 31 patients harbored the R292K mutation in the NA gene (NA-R292K), and the mutated sequences of the specimens included 4 throat swabs, 9 sputum samples, and 1 stool sample (Table [1](#Tab1){ref-type="table"}).Table 1The proportion of substitutions at critical positions in the proteins of human H7N9 virus in clinical specimens from patientsProtein substitutionPatient^a^\
No. (%)Specimen^b^Throat swab\
No. (%)Sputum\
No. (%)Stool\
No. (%)Total\
No. (%)NA-R292K7/31 (22.6)4/25 (16.0)9/75 (12.0)1/13 (7.7)14/113 (12.4)PB2-K526R0/31 (0.0)0/25 (0.0)0/75 (0.0)0/13 (0.0)0/113 (0.0)PB2-Q591K3/31 (9.7)2/25 (8.0)6/75 (8.0)0/13 (0.0)8/113 (7.1)PB2-E627K30/31 (96.8)19/25 (76.0)63/75 (84.0)11/13 (84.6)93/113 (82.3)PB2-D701N5/31 (16.1)1/25 (4.0)4/75 (5.3)1/13 (7.7)6/113 (5.3)PB2-E627K and D701N^c^2/31 (6.5)0/25 (0.0)1/75 (1.3)1 (7.7)0/113 (0.0)HA-Q226L26/26 (100)8/8 (100)51/51 (100)4/4 (100)63/63 (100)HA cleavage site26/26 (100)8/8 (100)51/51 (100)4/4 (100)63/63 (100)M2-S31N26/26 (100)8/8 (100)51/51 (100)4/4 (100)63/63 (100)^a^Patients whose specimen was H7N9 negative by the time of collection were excluded^b^Specimens of negative reverse-transcription PCR result were excluded^c^PB2 gene fragment carrying double substitutions of E627K and D701N^d^Fifty specimens of five patients with negative reverse-transcription PCR results were excluded

We detected mutations in HA gene fragments spanning position 226 or the cleavage site as well as the M2 gene fragment spanning position 31 in 63 specimens from 26 patients. We identified that all (100%) of the specimens carried the Q226L substitution in the HA gene and S31N in the M2 gene; all (100%) possessed only a single arginine (R) at the cleavage site in HA (Table [1](#Tab1){ref-type="table"}).

Clinical features and outcomes of the patients {#Sec9}
----------------------------------------------

Given that nearly all patients in our study harbored mutations in the HA, M2, and PB2 genes, we labeled the patients as two groups: NA-R292K mutant patients and NA-R292 wild-type patients. The clinical characteristics of the NA-R292K mutant group of patients are shown in Table [2](#Tab2){ref-type="table"}. For 7 NA-R292K mutant patients, with a median age of 70 (range 50 to 79 years), 3 were male (Table [2](#Tab2){ref-type="table"}). Four of them had one or more underlying diseases of hypertension (patient 5, patient 3 and patient 6), diabetes (patient 5 and patient 6), coronary heart disease (patient 5 and patient 3), chronic renal disease (patient 5), and lymphoma (patient 2). All 7 patients developed acute respiratory distress syndrome (ARDS), and 6 required mechanical ventilation (Table [2](#Tab2){ref-type="table"}). All patients received oseltamivir treatment, and 2 of them (patient 6 and patient 7) also received peramivir therapy (300 mg every day). The patients were given 75 mg to 150 mg of oral oseltamivir TID after tests for H7N9 virus were positive, starting a median of 7 days (range 4 to 9 days) after symptom onset. Three patients died, and four patients were discharged (Table [2](#Tab2){ref-type="table"}).Table 2Clinical features and virological findings of patients with a substitution at position 292 in NAPatient 1Patient 2Patient 3Patient 4Patient 5Patient 6^a^Patient 7^a^Age (years)70627376667950SexMaleFemaleFemaleMaleMaleFemaleFemaleUnderlying diseaseNoneLymphomaHypertension, CHDNoneHypertension, Diabetes, CHD, CRDHypertension, Diabetes, CHDNoneARDSYesYesYesYesYesYesYesHospitalized (days)263731623041OutcomeDiedDiedDiedDischargeDischargeDischargeDischargeTime between onset of symptoms and need for mechanical ventilation (days)637N/A378Time between mechanical ventilation and death (days)3834N/AN/AN/AN/ATime between onset of symptoms and initiation of oseltamivir (days)7669488Oseltamivir given (days after symptoms, dosage daily)Day 6, 300 mgDay 6, 300 mgDay 5, 150 mgDay 8, 150 mgDay 3, 150 mgDay 7, 150 mgDay 7, 150 mgTime of specimens collection after oseltamivir given (days)Day 1--2Day 6--11Day 1--3, 5Day 0--4Day 3--10Day 2--10Day 1--4, 7--12Emergence of the subsitution of R292K in NA after oseltamivir givenDay 2 in throat swab; Day 2 in sputumDay 8 in throat swab; Day 7--10 in sputumDay 2 in stoolDay 1 in throat swab;Day 10 in sputumDay 5 in throat swab; Day 7,9 in sputumDay 10 in sputum*ARDS* acute respiratory distress syndrome, *CHD* coronary heart disease, *CRD* chronic renal disease^a^Patient also received peramivir therapy (300 mg every day)

A comparison of the clinical symptoms and severity of illness between the NA-R292K mutant and NA-R292 wild-type patients is shown in Table [3](#Tab3){ref-type="table"}. Compared with NA-R292 wild-type patients, patients with the NA-R292K mutation were not significantly older (median age, 70 vs 59 years, *P *= 0.103). The days of initiation of oseltamivir treatment after symptom onset had no significant difference (median days, 7 vs 6, *P *= 0.374) or very close durations of oseltamivir reception (median days, 11 vs 12.5, *P *= 0.831) between the two groups of patients. The median time of hospital admission after symptom onset for the two groups of patients was also very similar (median days, 7 vs 6, *P *= 0.470), and NA-R292K mutant patients were more likely to have longer hospital days, but this finding was not statistically significant (median days, 31 vs 19, *P *= 0.741).Table 3Comparison of clinical symptoms and severity of illness between NA-R292K mutant and NA-R292 wild-type patientsNA-R292K mutant (*n* = 7)\
No. (%)NA-R292 wild type (*n* = 24)\
No. (%)*P* valueMale sex3 (42.9)15 (62.5)0.354Age (year)70 (66--79)59 (34--86)0.103Underlying conditions4 (57.1)15 (62.5)0.798Extracorporeal membrane oxygenation4 (57.1)6 (25.0)0.109Mechanical ventilation6 (85.7)12 (50.0)0.092ARDS7 (100.0)16 (66.7)0.076Shock4 (57.1)7 (29.2)0.173Acute kidney injury4 (57.1)5 (20.8)0.063Glucocorticoid therapy3 (42.9)5 (20.8)0.241Antivirals (\> 1)2 (28.6)3 (12.5)0.309Time between onset of symptoms and initiation of oseltamivir (days)7 (4--9)6 (2--16)0.374Duration of oseltamivir given (days)11 (4--23)12.5 (1--20)0.831Time between symptom onset and admission (days)7 (4--10)6 (1--14)0.470Hospitalized (days)31 (2--62)19 (5--52)0.741APACHE-II score32 (16--41)19 (10--40)0.039Death3 (42.9)3 (12.5)0.074*ARDS* acute respiratory distress syndrome, *APACHE-II* Acute Physiology and Chronic Health Evaluation II

The percentage of patients who developed ARDS, shock and acute kidney injury during the illness between the two groups were not statistically significant (*P *= 0.076, 0.173 and 0.063, respectively). Over 50% of the patients in the two groups had underlying conditions (57.1% vs 62.5%, *P *= 0.789), and received mechanical ventilation (85.7% vs 50.0%, *P *= 0.092). A total of 57.1% of patients out of the NA-R292K mutant group compared with 25% out of the NA-R292 wild-type group received extracorporeal membrane oxygenation (ECMO). In total, 42.9% of patients out of the NA-R292K mutant group, compared with 20.8% out of the NA-R292 wild-type group, received glucocorticoid therapy. However, there was no significant difference between the two groups according to statistical analysis. NA-R292K mutant patients were more likely to have higher acute physiology and chronic health evaluation II (APACHE-II) scores compared with NA-R292 wild-type patients (*P *= 0.039). Although not statistically significance, it seems that the NA-R292K mutant group had higher lethality (42.9% vs 12.5%, *P *= 0.074), which is shown in Table [3](#Tab3){ref-type="table"} and Fig S2 in Supplementary material.

Virological findings of the patients {#Sec10}
------------------------------------

We noted that oseltamivir resistance was associated with the R292K mutation (position 292 with N2 numbering; position 294 with N9 numbering) in the NA protein in 14 specimens from 7 patients (Table [1](#Tab1){ref-type="table"}). Interestingly, the emergence of the R292K mutation was detected on different days after oseltamivir treatment. The R292K mutations emerged from 7 days after oseltamivir treatment in 3 patients (patient 2, patient 5 and patient 7). The emergence of the R292K mutation was identified on day 1--2 after oseltamivir treatment was initiated from patient 1, patient 3, and patient 4 (Table [2](#Tab2){ref-type="table"}). Mutations in Q591K, E627K, and D701N of the PB2 gene were also detected in those specimens (see Table S2 in Supplementary material).

Since the function of the R292K mutation is associated with oseltamivir resistance, we analyzed the virus shedding duration between NA-R292K mutant patients and NA-R292 wild-type patients to compare and confirm whether the effects of oseltamivir therapy were different. We presumed that virus positivity was initiated at the beginning of symptom onset as in a previous study (Ling et al. \[[@CR14]\]), and we summarized the days of virus positivity before and after oseltamivir treatment until the virus was negative (Fig. [1](#Fig1){ref-type="fig"}). The statistical analysis showed that the time from symptom onset to initiation of oseltamivir between NA-R292K mutant patients (patient 1 and patient 2 with continuous viral positive shedding until death were out of our analysis) and NA-R292 wild-type patients had no significant difference (median days, 8 vs 6, *P *= 0.395), but NA-R292K mutants were more likely to prolong the viral shedding duration after oseltamivir treatment than NA-R292 wild-type patients (median days, 10 vs 5, *P *= 0.022). In addition, NA-R292 wild-type patients had a significantly shorter time from symptom onset to virus transfer (median days, 17 vs 10.5, *P *= 0.016) and a shorter duration between symptom onset and outcome (median days, 43 vs 24.5, *P *= 0.040) (Fig. [2](#Fig2){ref-type="fig"}).Fig. 1The duration of viral positivity in the course of the disease of H7N9-infected patients. End point of every bar: patient outcome (died, or discharge, or still under treatment by the time of May 31, 2013)Fig. 2Comparison of viral positive days sustained in clinical specimens of NA-R292K mutant patients and NA-R292 wild-type patients. Two NA-R292K mutant patients (patient 1 and patient 2) were excluded for the analysis because it was difficult to estimate the viral positive duration because we did not detect the viral negative specimens until they died. a Time between symptom onset and outcome (median days, 43 vs 24.5, *P* = 0.016). b Time between symptom onset and initiation of virus negative in specimens (median days, 17 vs 10.5, *P* = 0.040). c Time between start of oseltamivir treatment and virus negative in specimens (median days, 10 vs 5, *P* = 0.022). d Time between symptom onset and initiation of oseltamivir treatment (median days, 8 vs 6, *P* = 0.395). ^\*^*P* \< 0.05

Discussion {#Sec11}
==========

In this study, we noted the mutations in the gene fragments of novel avian-origin influenza A (H7N9) virus, and identified that the Q226L mutation in the HA gene, S31N in the M2 gene, and the deletion of repeated arginine (R) in the HA cleavage site were the most frequently emerged mutations in H7N9 virus-infected patients (100%). The emergence of E627K (30 of 31 patients, 96.8%) substitution seemed to be more frequent than Q591K (3 of 31 patients, 9.7%) and D701N (5 of 31 patients, 16.1%) in PB2, and mutations emerging simultaneously at both the 627 and 701 sites in PB2 rarely occurred (only 2 among 113 specimens). Seven (22.6%) of 31 patients harbored R292K mutations in the NA gene. Prolonged viral shedding duration was reported in R292K mutant patients, even after receipt of oseltamivir therapy. Although there were no statistically significant differences in clinical features between those with or without the NA-R292K mutation because of limited numbers, the severe illness conditions and high lethality of NA-R292K mutant patients should also be considered.

In humans, the clinical outcome of influenza varies from mild to severe or fatal. Viral factors can be important in determining disease severity \[[@CR19]\]. Unlike other types of avian influenza virus affecting human beings, infection with the novel influenza A (H7N9) virus in humans did not cause an increase in poultry deaths. Therefore, the key concerns about the current outbreak of influenza A (H7N9) virus are how the virus crosses the species barrier. The sequence analysis of H7N9 for several patients by our previous study and Gao's group reported that the Q226L mutation in HA and the lack of a glycosylation site (cleavage site) were more likely to change the avian origin receptor to an alpha 2,6 human-like receptor and might decrease the ability of the virus to be transmitted by air \[[@CR1], [@CR6]\]. The Q226L mutation in HA was also detected in all 63 specimens from 26 patients in our study. The lack of a cleavage site in HA was also found in the H7N9 virus in all specimens. The 100% emergence frequency of Q226L and cleavage site in HA in our current study indicated that the emergence of those viral variants was not a chance happening under certain circumstances. The absence of the multibasic amino acid motif of the HA cleavage site which is a key virulence marker in birds, endows the highly pathogenic avian H5N1 and H7N7 viruses with multiorgan tropism \[[@CR19]\], but whether it is a virulence marker in people needs to be further confirmed \[[@CR6]\]. The substitution of Q591K, E627K, or D701N of PB2 is associated with mammalian adaptation and efficient replication and transmission and is found in all H1N1, H2N2, and H3N2 influenza viruses that infect humans \[[@CR13], [@CR20], [@CR21]\]. Mutations in E627K or D701N were also identified in cases of infection in the Shanghai, Anhui, and Zhejiang H7N9 isolates \[[@CR1], [@CR6]\]. We found that the mutation of Q591K was also present in the H7N9 virus. In addition, the simultaneous emergence of E627K and D701N identified in our study rarely occurred. The characteristics of the adaptation and efficient replication ability of this virus may enhance H7N9 influenza viruses, contributing to the prolonged duration of viral shedding and severe disease in almost all patients.

The S31N mutation in the M2 gene was also noted in all of the patients enrolled, indicating that neuraminidase inhibitors, including oseltamivir, zanamivir, and peramivir have been the main drugs used for antiviral treatment of patients infected with H7N9. We also detected seven patients harboring the neuraminidase inhibitor-resistant associating R292K mutation. The emergence of the R292K mutation was detected from 1 day (range 1--12 days) after oseltamivir treatment. As we could not collect the specimens and detect R292K before oseltamivir treatment, whether the R292K mutation occurred naturally or drug-induced could not be determined. The latest study showed that the emergence of an NA-R292K mutation infected with H7N9 was temporally associated with a high rebound virus load, treatment failure, and a poor clinical outcome \[[@CR22]\]. We did not quantify the viral load in this study but did find that the emergence of the NA-R292K mutation delayed the viral shedding duration for the NA-R292K mutant patients, affecting the effects of antiviral therapy. Furthermore, recent and previous studies indicated that early oseltamivir treatment started 2 days before for H7N9 or 4 days before for H1N1 after disease onset would decrease the virus load or shorten the duration of viral shedding \[[@CR14], [@CR22]\]. In our study, the median initial time of oseltamivir treatment after symptom onset was 7 and 6 days for the two groups of patients. The extended time of hospital visit time for the patients may be one reason for prolonged viral shedding duration.

Disease severity depends on both host and viral factors. Host factors associated with severe complications from influenza include age and underlying comorbidities \[[@CR19]\]. Efficient therapies are also critical for advantageous clinical outcomes. We compared the demographic features and clinical characteristics of illness symptoms and antiviral therapies between NA-R292K mutant patients and NA-R292 wild-type patients, all of which had no statistically significant differences except for APACHE-II score, mainly because of the limited numbers of mutated patients.

In conclusion, even if the poor outcomes of seven NA-R292K mutant patients resulting from the antiviral-drug-resistant mutations are not certain, the emergence of H7N9 variants should be closely monitored, and the R292K mutation conferring the potential ability of oseltamivir resistance should be taken into consideration in the clinical management of infected patients.
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